In conifer stems, formation of chemical defenses against insects or pathogens involves specialized anatomical structures of the phloem and xylem. Oleoresin terpenoids are formed in resin duct epithelial cells and phenolics accumulate in polyphenolic parenchyma (PP) cells.
INTRODUCTION
Conifers in the pine family (Pinaceae) represent the most economically important forest trees and are fundamental species to many ecosystems across the Northern Hemisphere. Because of their extensive geographical ranges and often very long life spans of up to several hundred years, conifers are exposed to a wide variety of potential herbivores, such as insects and mammals, as well as to free-living or insect-associated fungal pathogens. In general, conifers demonstrate resistance or tolerance to most herbivores, although some specialized conifer insect pests such as certain bark beetles and weevils cause substantial damage and mortality to individual trees and to large conifer forests (Alfaro et al., 2002; Raffa et al., 2005; Seybold et al., 2006) .
As a resistance strategy against pathogens and herbivores, conifers have evolved a variety of anatomical and chemical defense systems (Franceschi et al., 2005; Keeling and Bohlmann, 2006) . For example, the bark tissues in conifer stems can provide a vigorous and effective barrier with chemical defenses (e.g., accumulation of terpenoid oleoresin and phenolics) that are often associated with specialized mechanical, anatomical or cellular defense structures [e.g., resin ducts, phloem polyphenolic parenchyma (PP) cells, lignified periderm, sclereids, calcium oxalate crystals]. Following attack by stem-boring insects or fungal pathogens, conifer bark tissues can respond by induced activation or de novo formation of resin duct and PP cells. Induced PP cells appear to mobilize large quantities of vacuolar phenolics and are associated with systemic and acquired resistance (Christiansen et al., 1999; Bonello et al., 2001; Bonello and Blodgett, 2003; Bonello et al., 2003; Krokene et al., 2003) . To date, only a few studies have reported genes with a potential function in induced PP cell defenses (Nagy et al., 2004; Ralph et al., 2006a Ralph et al., , 2006b ).
In contrast, a considerable amount of information exists on the chemical composition and biochemistry of conifer terpenoids found in constitutive and traumatic resin ducts (TDs) (Trapp and Croteau, 2001; Huber et al., 2004; Martin and Bohlmann, 2005; Schmidt et al., 2005; Phillips et al., 2006; Keeling and Bohlmann, 2006) , and much is known about the genes and enzymes for these terpenoid defenses (Martin et al., 2004; Ro et al., 2005; Keeling and Bohlmann, 2006) . Many conifers accumulate large quantities of diterpene resin acids and monoterpenes in constitutive resin ducts as a preformed defense. Damage from herbivores and pathogens can lead to the additional activation of constitutive resin ducts (Ruel et al., 1998) and de novo formation of TDs from the cambial zone (Christiansen et al., 1999; Nagy et al., 2000) .
The ensuing resin is the result of increased biosynthesis and accumulation in the activated constitutive resin duct and TD systems (Martin et al., 2002; Miller et al., 2005) .
Despite the importance of induced terpenoid and phenolic defenses in conifer resistance, relatively little is known about the insect-or pathogen-induced signaling events that lead to activation of resin duct and PP cells or their de novo formation. In a series of studies using exogenously applied ethylene (Hudgins and Franceschi, 2004) or methyl jasmonate (MeJA) (Franceschi et al., 2002; Martin et al., 2002 Martin et al., , 2003 Fäldt et al., 2003; Hudgins et al., 2003 Hudgins et al., , 2004 Huber et al., 2005; Miller et al., 2005) it was demonstrated that both hormones act as elicitors of conifer chemical and cellular defense responses. Recent studies showed that MeJA application can result in increased resistance of Norway spruce against the bark beetle Ips typographus (Erbilgin et al., 2006) and its fungal associate Ceratocystis polonica (Zeneli et al., 2006 ). Miller et al. (2005 and Ralph et al. (2006a) demonstrated that feeding by the white pine weevil (Pissodes strobi) induced the accumulation of transcripts of the octadecanoid pathway in Sitka spruce (Picea sitchensis). In Douglas fir (Pseudotsuga menzeisii) stems, wounding and MeJA application induce ethylene formation, whereas application of the ethylene inhibitor 1-MCP reduced MeJA-or wound-induced accumulation of phenolics and TD development (Hudgins and Franceschi, 2004) . Together, these studies agree with a model that ethylene acts downstream of octadecanoid signaling in the anatomical and chemical defenses of conifers. Therefore, both octadecanoid and ethylene biosynthesis are relevant targets for studies on the regulation of induced conifer resistance.
Ethylene is well known for regulating many processes in plant biology, such as cell differentiation, growth, development, reproduction, and response to environmental stress (reviewed in Bleecker and Kende, 2000; Pech et al., 2004; Nehring and Ecker, 2004; Klee and Clark, 2004) . Ethylene is generated from 1-aminocyclopropane-1-carboxylic acid (ACC), which is synthesized by 1-aminocyclopropane-1-carboxylic acid synthase (ACS) and subsequently converted to ethylene by 1-aminocyclopropane-1-carboxylic acid oxidase (ACO). As a first step towards a molecular characterization of ethylene formation and regulation in induced conifer defense, we recently cloned ACO full-length (FL)-cDNAs from Douglas fir, white spruce (P. glauca) and Sitka spruce (Hudgins et al., 2006) . ACO transcript profiles appear to be dominated by a single gene in these species. ACO protein was constitutively expressed and only weakly induced by wounding in Douglas fir bark, and therefore, is unlikely to be a regulated step in ethylene-dependent induced defense in this system (Hudgins et al., 2006) . We therefore decided to further investigate ACS for a possible role in induced conifer defense.
A substantial amount of information exists on ACS in various angiosperm species.
However, to our knowledge, cloning and characterization of ACS has not been reported for a gymnosperm. ACS is a cytosolic enzyme that requires pyridoxal phosphate (PLP) as a cofactor (Bleecker and Kende, 2000) . In angiosperms, ACS proteins are encoded by multi-gene families in all species examined (Liang et al., 1992; Bleecker and Kende, 2000; Pech et al., 2004) . For example, the sequencing of the Arabidopsis (Arabidopsis thaliana) genome revealed an ACS multi-gene family consisting of 12 members (Arabidopsis Genome Initiative, 2000) . Further functional characterization indicates this gene family represents one pseudogene, eight functional homodimers, one nonfunctional homodimer, and two distant ACS-like genes able to complement Escherichia coli aminotransferase mutants, suggesting possible alternative functions for these two genes (Yamagami et al., 2003) . It is well established in angiosperms that distinct members of ACS multi-gene families are differentially regulated by abiotic and biotic stresses (Kende, 1993; Bleecker and Kende, 2000) . For example, Tsuchisaka and Theologis (2004) recently demonstrated that in Arabidopsis ACSs are differentially regulated during normal cell development processes and during stresses that included wounding and anaerobic conditions. Here, we describe the full-length or near full-length cDNA cloning and sequence characterization of eight ACS from white spruce, interior spruce (P. glauca x engelmannii) and Douglas fir representing four distinct ACS or ACS-like genes in these conifers. We provide detailed quantitative and gene-specific expression analysis of ACS and ACO transcripts showing differential patterns of spatial and temporal expression in constitutive, as well as wound-and insect-induced Sitka spruce tissues. Using Douglas fir, we demonstrate wound-induced ACS protein expression, and show cellular and subcellular localization of ACS in the cytosol of specialized epithelial cells of cortical resin ducts, PP cells, and ray parenchyma cells of woundinduced bark tissue. Our results suggest that ACS is a regulated step in ethylene signaling in induced cellular and chemical defense in conifers.
MATERIALS AND METHODS

Plant and Insect Materials and Treatments
Three-year-old Douglas fir (Pseudotsuga menziesii) saplings were from a commercial nursery (Lawyer Nursery, Olympia, WA, USA). Growth conditions and details of treatment and tissue harvest of Douglas fir for ACS protein expression and immunolocalization were exactly as previously described (Hudgins et al., 2006) . To obtain ACS cDNA clones from Douglas fir, we To monitor spruce ACS transcript expression in response to wounding or insect attack, Sitka spruce [clone FB3-425; derived from somatic embryogenesis (CellFor Inc., Vancouver, BC, Canada)] trees were grown outside at the UBC greenhouse as described by Ralph et al.
(2006b) to a height of 60 to 70 cm. Adult white pine weevils (Pissodes strobi) were generously provided by Dr. Rene I. Alfaro (Pacific Forestry Centre, Canadian Forest Service, Victoria, BC, Canada). Weevils were reared from larvae in infested Sitka spruce shoots collected at natural infestation sites in British Columbia in 2002 and maintained on Sitka spruce shoots. Two weeks prior to experiments in May 2003, two-year-old trees were moved inside the UBC greenhouse and maintained as described by Ralph et al. (2006b) . For mechanical wounding, the bark of five trees per time point was pierced, using an 18-gauge hypodermic needle, at 5 mm intervals on opposite sides along the entire length of the stem. For insect treatment, weevils were kept without food on moist filter paper for 48 h prior to placing them on trees. Insects were caged under mesh bags on the upper two-thirds of the stem (10 weevils on each of five individual trees per time point). For the untreated control, an additional five trees per time point were covered with mesh bags, but otherwise left untreated. Trees were kept in separate treatment groups in a well-ventilated greenhouse. Five trees each for control, wounding and insect treatments were harvested 2, 6 and 48 h after initiation of treatment. To harvest bark tissue, the upper two-thirds of the tree (excluding the green shoot tip) was cut longitudinally with a razor blade and the outer tissue was peeled off the woody inner stem tissues. For tissue profiling of constitutive ACS expression, cortex, phloem, cambium and developing xylem were rapidly separated under a dissecting microscope (15 min per tree), along with young lateral shoots and roots, from 10 three-year-old Sitka spruce saplings in May 2004 and pooled by tissue. White spruce (clone I-1026) somatic embryos for profiling of constitutive ACS expression were generously provided by Dr. David Ellis (CellFor Inc.) and were grown from callus tissue on media supplemented with abscisic acid and indole-3-butyric acid for six weeks using standard procedures prior to harvest.
All tissues used for real-time polymerase chain reaction (PCR) analysis were flash frozen in liquid nitrogen and stored at -80°C prior to total RNA isolation.
RNA Isolation and cDNA Synthesis
Total RNA was isolated from all tissues, except for somatic embryos, according to the protocol of Kolosova et al. (2004) . Total RNA from somatic embryos was isolated using the RNAqueous Midi kit (Ambion, Austin, TX, USA) according to manufacturer's instructions. Total RNA was quantified and quality checked by spectrophotometer and agarose gel. RNA was also evaluated for integrity and the presence of contaminants using reverse transcription with Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) with an oligo d(T 18 ) primer and α P 32 dGTP incorporation. After removal of unincorporated nucleotides using gel filtration columns (Microspin S-300 HR columns, Amersham Pharmacia Biotech, Buckinghamshire, UK) the resulting cDNA smear was resolved using a vertical 1% agarose alkaline gel and visualized using a Storm 860 phosphorimager (Amersham Pharmacia Biotech). identity). ACS clones in the pBluescript II SK (+) vector were identified in our cDNA library glycerol stocks, insert sized using PCR with -21M13 forward and M13 reverse primers, and cDNA inserts were sequenced from both ends using the same primers (see Supplemental Table I for all primer sequences used in this study). In this manner, the complete FLcDNA sequence for Table I ). PCR products were cloned into pCR2.1-TOPO vector (Invitrogen) and transformed into E. coli electroMAX DH10B cells (Invitrogen). Single colonies were isolated, plasmid DNA sequenced using -21M13 forward and M13 reverse primers, and the resulting sequences organized into contigs to obtain the full-length PgeACS2 and PgACS4 sequences.
Isolation of Spruce and Douglas Fir
Complete insert sequencing of clone WS00956_O07 identified a potential FLcDNA with a stop codon that disrupted the most likely open reading frame (ORF). Using this sequence information, WS00956_O07_F1 and WS00956_O07_R1 primers were designed (Supplemental Table I ) and a PCR reaction was performed using 0. PmACS2, FirstChoice RLM-RACE system (Ambion) was used to generate a 5'-RACE PCR template from wounded bark as described above. Gene-specific primers for PmACS2 were DF_WS00944_L14_RACE_OUTER and DF_WS00944_L14_RACE_INNER (Supplemental Table I ). PCR products were cloned into pCR2.1-TOPO vector (Invitrogen) and transformed into E. coli electroMAX DH10B cells (Invitrogen). Single colonies were isolated and plasmid DNA sequenced using -21M13 forward and M13 reverse primers to yield the FLcDNA PmACS2.
Sequence and Phylogenetic Analysis
Predictions for pI and molecular mass were made using the entire ORF and the pI/Mw tool at //evolution.genetics.washington.edu/phylip.html) was used to generate 100 bootstrap replicates, which were then analyzed using Phyml and the previously estimated parameters. CONSENSE, also from Phylip, was used to create a consensus tree. Treeview (Page, 1996) was used to visualize all trees. Bootstrap values above 50% were added to the maximum likelihood tree generated from the original data set.
Real-time PCR Gene Expression and Data Analysis
For constitutive tissue expression profiling, 9 µg of total RNA from each tissue was treated with DnaseI (Invitrogen), divided into three aliquots of 3 µg each, and independent cDNA synthesis reactions were performed using Superscript II reverse transcriptase (Invitrogen) with an oligo d(T 18 ) primer according to manufacturer's instructions. For analysis of induced tissues, 3 µg of total RNA were pooled from each of five trees for each treatment and time point, treated with DNaseI, divided into three aliquots of 5 µg, and converted to cDNA in three independent reactions. Efficiency of each cDNA synthesis was assessed individually by gel electrophoresis.
Gene-specific PCR primers were designed (Supplemental Table I 
Western Immunoblot Analysis and Immunocytochemistry
Procedures for protein extractions from the three-year-old Douglas fir saplings, Western immunoblot analysis, microscopy and immunocytochemistry were exactly as described in Hudgins et al. (2006) . A 1:500 dilution of an affinity-purified polyclonal anti-Arabidopsis ACS (aA-20, raised in goat against a 20 amino acid peptide mapping between amino acid positions 100 and 150 of AtACS2; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used for immunoblot analysis. Amino acid sequence analysis indicated the ACS peptide used for antibody generation shares significant homology with PgACS1 (60% identity, 75% similarity; ACS1 was not identified in Douglas fir), PmACS2 (35% identity, 55% similarity) and PmACS3 (40% identity, 55% similarity), but not PmACS4 (25% identity, 35% similarity). For immunocytochemistry, primary antibody incubations were with the same anti-ACS polyclonal antibody diluted 1:75.
RESULTS cDNA Cloning of ACS Genes from Spruce and Douglas Fir
In order to obtain initial sequence information for ACS genes from conifers a TBLASTN search 
Sequence Relatedness of Conifer and Angiosperm ACS Proteins
We performed maximum likelihood analysis using 28 ACS protein sequences from spruce, Douglas fir, Arabidopsis and tomato in order to analyze the evolutionary relationships between conifer (gymnosperm) and angiosperm ACS genes. Multiple protein sequence alignments were performed using ClustalW and then manually adjusted to define a conserved sequence of ca. 430 amino acids. Using the neighbour-joining algorithm we generated a phylogenetic tree (Fig. 2) , which shows that six of the eight conifer ACS proteins form a distinct cluster, suggesting that ACS genes from gymnosperms and angiosperms have diverged significantly over time since separation of these major land plant lineages. Amino acid identity among the five full-length conifer proteins in this group (i.e., excluding PmACS3) ranges from 56.7% to 98.5%, and from 44.7% to 62.7% between these conifer ACS proteins and the Arabidopsis ACS proteins (i.e., excluding AtACS10 and AtACS12) ( Table II) . The remaining two conifer ACS proteins, PgACS4 and PmACS4, group more closely with AtACS10 and AtACS12 (Fig. 2) ACS1 transcript expression was most dominant in developing somatic embryos ( Fig. 3A; please note different scale for ACS1 in embryos), with the next most abundant tissue expression in roots at 33.0-fold lower levels than embryos. ACS1 was only marginally detectable in shoots, cortex, phloem and cambium (ca. four to five orders of magnitude lower than TIF5A), with no detectable transcript expression in xylem (Fig. 3A) . ACS2 was expressed at moderate to low levels (ca. two to four orders of magnitude lower than TIF5A) in all tissues examined, with highest expression in roots and cortex, and no detectable transcript in xylem. ACS3 showed a pattern of tissue expression similar to that of ACS2, but was present at 5.6-to 30.0-fold lower levels in each tissue (ca. four to five orders of magnitude lower than TIF5A), except for developing embryos where ACS2 was only 2.2-fold more abundant (Fig. 3A) . ACS3 expression was highest in roots and cortex, with no detectable transcripts in xylem. In contrast to the spatial patterns of transcript abundance for other spruce ACS genes, ACS4 was ubiquitously expressed at high levels (ca. one to two orders of magnitude lower than TIF5A) in all tissues, with greatest transcript abundance in cortex and roots and lowest in developing somatic embryos.
To complement monitoring the spatial distribution of the four spruce ACS transcripts, we also examined transcript levels for ACO, which is the final step in the ethylene biosynthesis pathway, and which appears to be represented by a single gene in spruce (Hudgins et al., 2006) .
ACO was ubiquitously expressed at high levels (ca. one to two orders of magnitude lower than TIF5A), with the transcript 4.7-to 21.7-fold more abundant in shoots than any other tissues (Fig.   3A ).
Induced Transcript Profiles of Spruce ACS and ACO in Response to Mechanical Wounding or Insect Feeding by Weevils Assessed by Real-time PCR
Having established the spatial patterns of expression for the four ACS and one ACO transcript in spruce, we next examined these genes for a possible role in the wound-and insect-induced defense response of Sitka spruce by assessing their temporal patterns of expression in response to treatment. In brief, two-year-old Sitka spruce saplings were subjected on their stems to either feeding by adult white pine weevils or mechanical wounding using a needle. Transcript profiles were monitored in bark tissues using real-time PCR 2, 6 and 48 h after the onset of treatment and compared to untreated control tissues. The data are presented as transcript abundance normalized to TIF5A levels ( Fig. 3B ) and as fold-induction relative to untreated control tissues (Table III) . In general, three of the five transcripts examined (i.e., ACS2, ACS3 and ACO)
showed statistically significant increases in abundance following mechanical wounding and/or weevil feeding. All three transcript species were rapidly induced and had reached peak levels at 2 h (ACS2 and ACS3) or 6 h (ACO) following mechanical wounding. Both ACS2 and ACS3
transcripts were expressed at relatively low levels in control bark, with increases of 155.9-fold and 174.2-fold, respectively, 2 h after mechanical wounding ( Fig. 3B and Table III ). The levels of both transcript species diminished over time, but were still 8.1-fold (ACS2) and 3.7-fold (ACS3) more abundant than in control tissues 48 h after wounding. In contrast to the temporal pattern of rapid induction following mechanical wounding, induction by weevil feeding was slower and of lower magnitude, with peak induction at 48 h for ACS2 (48.9-fold) and ACS3
(27.9-fold) ( Fig. 3B and Table III ). The differing temporal response to insect herbivory and mechanical wounding treatments likely reflects the very slow, but continuous feeding by stemboring weevils compared with a single artificial wounding event.
Unlike ACS2 and ACS3, ACO transcripts were present at relatively high levels in untreated control bark and showed only a moderate (3.9-fold), although equally rapid increase in transcript abundance following mechanical wounding that also diminished with time ( Fig. 3B and Table III ). The response of ACO to weevil feeding was less pronounced, with slightly reduced transcript abundance after 2 h and 6 h of weevil feeding, and only a small increase (2.4-fold) after 48 h.
The two remaining transcript species examined, ACS1 and ACS4, did not follow the above pattern of induction following wounding or insect damage. ACS1 was expressed at marginally detectable constitutive levels in bark from untreated control trees, with no consistent pattern of altered transcript levels following either treatment ( Fig. 3B and Table III) . ACS4 was the most constitutively abundant of the ACS and ACO transcripts examined in control bark tissue, and demonstrated a weak, and not always statistically significant, down-regulation in response to both treatments at all time points (Fig. 3B and Table III) .
Wound-induced Accumulation of ACS Protein, and Cellular and Subcellular Localization of ACS in Resin Ducts and PP Cells in Douglas Fir
In ACS antibodies showed strong signals with a single band on Western blots of protein extracts from wound-induced stem bark, but did not yield protein signals with extracts from nonwounded control tissue (Fig. 4) . The molecular mass of the protein detected was approximately 55 kDa on SDS-PAGE, consistent with the predicted molecular mass of conifer ACS proteins (Table I) . ACS protein was detected at the first time point of the induced samples at 10 h following wounding, and protein levels remained increased relative to controls over the entire time course until 96 h after wounding (Fig. 4 ). Next, we tested the specific localization of ACS in wound-induced bark tissues. Immunocytochemistry using ACS antibody showed the most extensive presence of ACS in two different cell types associated with terpenoid and phenolic chemical defenses in the wounded bark tissues, namely, epithelial cells that line the inner surface of activated cortical resin ducts (Fig. 5A ) and active PP cells that are characterized by their large and densely stained vacuoles (Fig. 5C ), respectively. As a negative control, the non-immune serum did not generate any reproducible labeling of any cell type (Fig. 5B) . In the wound-induced bark, ACS labeling was also detected in the ray parenchyma cells (Fig. 5C and   D ). These cells connect the xylem and outer bark via the cambial zone. Labeling was also detected within the cambial zone itself, and was found highly abundant in a ray initial captured in mitosis with nearly complete separation of the duplicated set of chromosomes (Fig. 5D ). In control sections of non-induced bark tissues ACS protein was not detected above the background signal in any cell type (not shown), confirming the results of Western immunoblot analysis.
High-resolution subcellular localization detected ACS protein in the cytoplasm of PP cells (Fig. 5E ), but not in the membranes, cell walls, vacuoles, or other organelles. In the lower magnification images shown in Figures 5C and 5D , the antibody also appears to label some nuclear regions of ray parenchyma cells; however, this may be a result of vacuole compression of cytoplasm around the nuclear domains. ACS1, ACS2 and ACS3, were present at low to very low levels in most non-induced tissues examined, with highest expression in roots and no detectable transcripts in xylem (Fig. 3A ). An exception to this pattern of apparently low constitutive expression of these ACS genes was the relatively high abundance of ACS1 transcripts in developing white spruce somatic embryos. In contrast to ACS1, ACS2 and ACS3, the ACS4 gene, which has highest sequence similarity to the putative Arabidopsis aminotransferases, was ubiquitously expressed at moderate to high levels in all non-induced Sitka spruce tissues. Similarly, ACO was also highly expressed in all tissues, with highest expression in young shoot tips. These findings clearly show unique as well as partly overlapping patterns of expression among the ACS gene family members and ACO in different conifer tissues. Low expression levels of ACS1, ACS2, and ACS3 make these possible rate-limiting steps in constitutive processes of normal growth and development regulated by ethylene in concert with other phytohormones.
To test if all four conifer ACS genes are associated with induced defense, we examined transcript abundance in response to both mechanical wounding and weevil feeding over a time course of 2 to 48 hours in Sitka spruce bark tissues (Fig. 3B) . ACS1 was expressed at very low levels in control bark tissue, with only minor fluctuations in abundance following mechanical wounding or insect feeding. A similar pattern was seen with ACS4, which was abundantly expressed in both treated and control bark. In contrast, ACS2 and ACS3 were rapidly (2 h) and strongly (> 150-fold) induced following mechanical wounding, with a similar although slower response to weevil feeding. Interestingly, both of these transcripts were present at low levels in Amino acid sequences of 28 proteins were analyzed by maximum likelihood using Phyml.
Bootstrap values are indicated only for nodes with greater than 50% support. Maximum likelihood values represent percentages of 100 gamma-corrected replicates (log L = -11,299).
ACS nomenclature and GenBank protein accession numbers for Arabidopsis and conifer proteins are provided in Table II . ACS nomenclature and GenBank protein accession numbers for tomato are as follows: LeACS1A (AAF97614), LeACS1B (AAF97615), LeACS2 (P18485), LeACS3
(AAC32317) and LeACS8 (AAK72431). , where E is the PCR efficiency, as described by Ramakers et al. (2003) . A transcript with a relative abundance of one is equivalent to the abundance of TIF5A in the same tissue. A student's t-test (two sample, unpaired, one-sided) was performed to test significance of up-or down-regulation of each transcript between treated and control tissues (*P ≤ 0.05; ** P ≤ 0.01; ***P ≤ 0.001). Abbreviations: ND, not detected. Results from pairwise amino acid sequence comparisons using full-length protein sequences are shown as percent identity. ACS nomenclature and GenBank protein accession numbers are as follows: Arabidopsis, AtACS1 (NP_191710), AtACS2 (NP_171655), AtACS4 (NP_179866), AtACS5 (NP_201381), AtACS6 (NP_192867), AtACS7 (NP_194350), AtACS8 (NP_195491), AtACS9 (NP_190539), AtACS10 (NP_564804), AtACS11 (NP_567330), and AtACS12 (NP_199982); white spruce, PgACS1 (####) and PgACS4 (####); interior spruce, PgeACS2 (####), PgeACS3a (####) and PgeACS3b (####); Douglas fir, PmACS2 (####) and PmACS4 (####). Fig. 3 ). A Student's t-test (two-sample, unpaired, one-sided) was performed to test significance (P) of up-or down-regulation of each transcript between treated and control tissues. Abbreviations: FC, fold-change. 
-QEGEIILWKIV-------------------------------------------
AtACS1 FVVG--DRANKNKNCNCICNNKRENKKRKSFQKNLKLSLSS-MRYEEHVRSPKLMSPHSPLLRA--------------AtACS2
FVSKNKNKIVEKASENDQVIQNKSAKKLKWTQTNLRLSFR--RLYEDGLSSPGIMSPHSPLLRA--------------AtACS6
FTSQ-----LEEETKPMAATTMMAKKKKKCWQSNLRLSFSDTRRFDDGFFSPHSPVPPSPLVRAQT------------AtACS4
LVDDENSSRRCQKSKSERLNGSRKKTMSNVSNWVFRLSFHDREAEER-------------------------------AtACS8 PgeACS3a  FMKSRRSNQLYDEGGAYQKKPLNADEASEEFNFTGKYSTIEVDNGSLRSMNVHSSGCLRLEEATRSEVPQQELKDGVY  PgeACS3b  FMKSRRSNQLYDEGGAYQKKPLNADEASEEFNFTGRYSAIEVDNGSLRSMNVHSSGCLRLEEATRSEVPQQELKDGVY  PmACS3 - 
FVDGPSPTRRSQ-SEHQRLKNLRK---MKVSNWVFRLSFHDREPEER-------------------------------AtACS5 FVESTDCGRMISRSSHERLKSLRKK---TVSNWVFRVSWTDRVPDER-------------------------------AtACS9 YVESTDSRRVISKSSHDRIKSLRKR---TVSNWVFRVSWTDRVPDER-------------------------------AtACS11 FVDNNNGGKQKRTMWDTRRRSLINK-------WVSKLSSVTCESER--------------------------------AtACS7 FMDRRRRF----------------------------------------------------------------------PgeACS2 FMESKK------------------------------------------------------------------------PmACS2 FVESKTPNQRGMAG----------------------------------------------------------------
-----------------------------------------------------------------------------PgACS1 FMDSKQN-----------------------------------------------------------------------AtACS10 VCETCKSQN---------------------------------------------------------------------AtACS12 LAESFRS-----------------------------------------------------------------------PgACS4 FSKHCKRSS---------------------------------------------------------------------PmACS4 FSKRCKRSP------------------------------------------------------------------
